B y S ir J a m e s L i g h t h i l l , F .R .S .
sp e n t m ain ly in association w ith th e g u n n e ry range at O rfo rd n e ss in Suffolk, w h ere, to be su re, he c o n trib u te d som e useful calcu latio n s on m issile tra jec to ry p ro b le m s tak in g th e E a r th 's ro ta tio n in to a c co u n t, and on som e allied m a tte rs.
By 1946 he was able to re tu rn to St. C a th a rin e 's C ollege to take th e p o stg ra d u a te T a r t I I I ' course and a P h .D . A tte n d in g th e e x trem ely in te re stin g lectu res of L eslie H o w a rth (later P ro fe sso r L . H o w a rth , F .R . S .) on viscous fluid dy n am ics, K e ith S te w a rtso n w as able to id en tify the g reat o p p o rtu n itie s offered by research in th is field and so u g h t to e n te r it u n d e r th e su p e rv isio n of H o w a rth , w ho was eq ually keen to take h im on. T h e successes of S te w a rts o n 's th re e p o stg ra d u a te years at C a m b rid g e in clu d e d th e M ayhew P rize, a R ayleigh P rize and an o u t sta n d in g P h .D . d isse rta tio n on b o u n d a ry layers in co m p re ssib le fluids (see p a rt II). It is also n o te w o rth y th a t these years w ere b u sy ath letically for K e ith , w ho th re w h im se lf in to row ing w ith e n th u sia sm a n d becam e a m e m b e r of th e C ollege E ig h t.
Years at Bristol
T h e in sp ire d 1949 selection by B ristol U n iv e rsity of L eslie H o w a rth as P ro fesso r of A p p lied M a th e m atic s a n d of K e ith S te w a rtso n to fill a vacant lec tu re sh ip m ay no t have b een a deliberately h a rm o n iz e d p a ir of h a p p y choices, b u t it certain ly h ad the effect of c o n tin u in g th e ir hig h ly fru itfu l p a rtn e rs h ip . B ristol was en ab led th e re b y to b u ild up th o se special stre n g th s in m ath e m a tic s ap p lied to the m ech an ics of fluids w h ich it has m a in ta in e d ever since th a t initial p e rio d (th e early 1950s); a p e rio d w hen, in p a rtic u la r, th e first im p o rta n t pap ers co m in g o u t th ick and fast fro m S te w a rtso n 's pen w ere im p ressin g so pow erfu lly th e w o rld of fluid dynam ics.
K e ith S te w a rtso n m ade a sim ilarly pow erful im p act on the U n iv e rsity of B ristol B oat C lub. I am in d e b te d to N o rm a n N o tley for th e follow ing rem iniscences. ' S oon after his arrival at U .B ., in th e W in te r of '4 9 -'50, he fo u n d its row ing club fully o ccupied w ith th e m ec h a n ism of e n te rin g and w ith d ra w in g the blade sm oothly and tea served in the clu b h o u se , a club w here no serious race had ever b een w on. T h e c lu b 's w eakness and K e ith 's stro n g need to pass on his row ing discoveries w ere well m atch ed . H e shocked the old crew w ith his sta te m e n t, " th e objective is n o t to look p re tty , b u t to w in races'' and his new crew was to be selected for energy and s tre n g th ra th e r th a n style. H e visited the rival clubs on the A von, n o t to m ake frien d s b u t to recover U .B . s tu d e n ts w ho row ed ou tsid e. In the longer te rm he in te n d e d to a ttra c t the u n iv e rs ity 's po ten tial ath letes to row ing by having a w in n in g record. T o the task he b ro u g h t an u n e x p e cte d b u t necessary ru th lessn ess. If a crew selection w ere q u e stio n e d , his a u th o rita tiv e " h e 's n o t th e rig h t s h a p e " o r " he looks p re tty , b u t . . or even " If I pick m en I like, th e y 'll like each o th e r and w ork h a rd e r " allow ed no d iscu ssio n b ecau se he n e e d ed no d iscu ssio n . In his first th re e years he took the full w eig h t of coaching, ru n n in g th e bank w ith th e V II Is every W e d n e sd a y an d S a tu rd a y and so m etim es S u n d a y too, u n til everyone u n d e rs to o d his m essage-you h it th e w a te r h a rd a n d th e n h a rd e r.
'H is success becam e inev itab le a n d in 1953 B ristol w on the U n iv e rsitie s A th letic U n io n C h a m p io n sh ip and was clearly th e b est p ro v in c ial u n iv ersity . B ristol jo in e d th e to p ten in th e L o n d o n H ead of th e R iver, a ran k in g of essentially all B ritish crew s, and B risto l's d o m in a n c e am o n g u n iv ersity crew s c o n tin u e d w ith consecutive U .A .U . v icto ries u n til th e year K e ith left for D u rh a m . T h e fu tu re too h ad b een p la n n e d . W h e n K e ith was a p p o in te d R ead er at th e age of 29 he knew already his career w ould m ove b ey o n d B ristol and he h ad re c ru ite d A lan G a y d o n , a d istin g u ish e d o arsm an and teach er, first to help w ith race p re p a ra tio n and th e n to in h e rit the c lu b 's coaching. 'S uccess in th e w a te r was n o t at th e expense of the social life. In th e p re -S te w a rts o n years th e re was an an n u al d in n e r at w hich one raised th e cup and said " F lo re a t U n iv e rsita s B risto lie n sis" b u t after S te w a rtso n U .B .B .C . was a w ay of life and any m eetin g on the cam p u s, or in d ista n t places tw e n ty years on, m ig h t end w ith his w o rd s " H ave a good ro w " . T h e w ind, th e rain, th e riv er and the c am arad erie w ere m ore im p o rta n t to us th a n any o th e r m e m o rie s. ' In th e m ea n tim e an event of the h ig h est im p o rta n c e in K e ith 's life had o c c u rre d in 1950 on an A u stria n holiday w hen he m et Jean F o rre ste r, a tea c h e r of physical e d u catio n . K e ith 's assiduously m ain ta in e d con tact w ith Jean over the su b se q u e n t th re e years led to th e ir m arriag e on 5 S e p te m b e r 1953. Five days later th ey sailed on the Queen Elizabeth to the U . S .A . w here, after som e to u rin g , they w ere to sp en d a m ost hap p y year at th e C alifo rn ia In stitu te of T e c h n o lo g y . In 1954 K e ith re tu rn e d to a R e ad ersh ip , and Jean began those su p e rb c o n trib u tio n s to his w ork th at she was able to m ake as a w arm ly w elcom ing hostess to b o th staff and stu d e n ts. In 1955 th e ir eldest son Ian was b o rn . A t the sam e tim e, B ristol ap p lied m ath e m a tic s was also d eveloping in a m ost fru itfu l m an n er.
Years at Durham
K e ith S te w a rtso n 's exceptional re p u ta tio n as an o u tsta n d in g research w orker in m any fields of th eoretical fluid m echanics (see p a rt II) co n tin u e d to grow apace d u rin g the 1950s. T h e U n iv e rsity of D u rh a m resp o n d ed en th u siastically to this in 1958 by in v itin g him to accept a p p o in tm e n t to the C h air of A p p lied M athem atics; and it was n atu ral for K e ith to be a ttra c te d back to th e c o u n ty o f his u p b rin g in g by th e offer of such a p re stig io u s post. T h e S te w a rts o n s ' second ch ild A n n e w as b o rn th a t year, sh o rtly after th e ir arrival in D u rh a m , a n d th e ir y o u n g e st child A n d re w w as b o rn in 1964, also in D u rh a m , ju s t befo re th ey w ere to leave for L o n d o n .
T h e sim u lta n e o u s a p p o in tm e n t of tw o ra th e r y o u n g m a th e m a tic s p ro fe sso rs at D u rh a m cre a te d h a p p y and lastin g b o n d s b e tw e en H a rry R e u te r in p u re m ath e m a tic s and K e ith S te w a rtso n in ap p lied . T h e y sh a re d a difficult task in tak in g over th e a d m in is tra tio n of th e D u rh a m M a th e m a tic s D e p a rtm e n t. T h e y co lla b o ra ted , too, in research , and K e ith also in itia te d several o th e r research c o lla b o ra tio n s (w ith N o rm a n R iley, w ith P aul R o b e rts, w ith S u san B row n) d u rin g his D u rh a m years w h ich w ere to c o n tin u e to be very active d u rin g his s u b s e q u e n t career (see p a rt II). S im u lta n e o u sly , he w as seeking o u t new areas for fru itfu l research th ro u g h e x te n d e d visits to o th e r in stitu tio n s; for exam ple, by sp e n d in g a s u m m e r at F o rt H a lste a d in 1961 and a lo n g er p e rio d a little later in th e U n iv e rsity of W isco n sin at M ad iso n .
In th e c o u n try sid e a ro u n d D u rh a m , K e ith and Jean w ere able to p u rsu e th e ir g reat love of u p la n d w alks as w ell as b ein g ath letically active in te n n is m ix ed d o u b les (usually on o p p o site sides!) and in m an y o th e r w ays. B ut artistic p u rsu its w ere n o t n eg lected , an d K e ith found great p leasu re in play in g th e w orks of his fav o u rite c o m p o sers (M o z a rt, B eeth o v en , S c h u b e rt) on his fine b a b y -g ra n d p iano. In th e m ea n tim e , th e n earb y p resen ce of K e ith s p a re n ts w as a c o n sta n t su p p o rt to th e grow ing fam ily.
T h is w as a p e rio d d u rin g w h ich K e ith S te w a rtso n began to play a leading role in th e fo rm a tio n of th e In s titu te of M a th e m a tic s and its A p p licatio n s. A d iscu ssio n of th e n eed to b rin g into b eing a pro fessio n al bod y re p re se n tin g th e fra te rn ity of ap p lied m ath e m a tic ia n s took place at the fifth B ritish T h e o re tic a l M ech an ics C o llo q u iu m in th e sp rin g of 1963 after Jam es L ig h th ill h ad p ro p o se d th e idea in an a fte r-d in n e r speech at the fo u rth C o llo q u iu m in 1962. T h e c o n trib u tio n s of K e ith S te w a rtso n to the d iscu ssio n s fro m 1963 o n w ard s w ere ex trem ely positive, and m ost in fluential reg a rd in g the choice of nam e for th e In stitu te , w ith its clear linked reference to M a th e m atic s and its A p p lica tio n s (a very diverse body of app licatio n s) ra th e r th a n an exclusive c o m m itm e n t to 'ap p lied m a th e m a tic s'. A large b o d y of 300 p a rtic ip a n ts agreed alm ost u n a n im o u sly w ith a p ro p o sal th a t a sm all b o d y of u n iv ersity pro fesso rs (G eoffrey K y n c h , D o n a ld Peck, R ic h a rd S corer and K e ith S tew artso n ) sh o u ld w ork w ith Jam es L ig h th ill to aim at b rin g in g such an In s titu te into being.
T h e ir first action w as to m ake c o n tact w ith a differen t g ro u p , re p re sen tin g m ath e m a tic s d e p a rtm e n ts in several colleges of technology to g eth e r w ith in d iv id u al m ath e m a tic ia n s fro m in d u stry , u n iv ersitie s and g o v e rn m e n t e sta b lish m e n ts. T h is g ro u p was know n as th e G eary c o m m ittee after the nam e of its co n v en o r A lfred G eary, and w as co n cern ed to achieve th e in s titu tio n of v ario u s p ro fessio n al qu alificatio n s for n o n g ra d u a te m a th e m a tic ia n s as well as a gen erally im p ro v e d sense of c o h e re n c e in th e p ro fe ssio n of m a th e m a tic s. P re p a ra to ry m ee tin g s b e tw een th e L ig h th ill a n d G e a ry c o m m itte e s in d ic a te d th e value of a jo in t a p p ro a c h in M ay 1983 to th e J o in t M a th e m a tic a l C ou n cil u n d e r th e c h a irm a n s h ip of S ir W illiam H o d g e , F .R .S ., w ho h ad se p ara te ly secu red som e v alu ab le p u m p -p rim in g s u p p o rt fro m th e L e v e rh u lm e F o u n d a tio n to back in itia tiv e s in th is b ro a d area.
T h is led to u n a n im o u s a g re e m e n t to set up a P ro v isio n al C ouncil for th e new In s titu te of M a th e m a tic s and its A p p lica tio n s, a b o d y w ith L ig h th ill as P re sid e n t and w ith G e a ry a n d S te w a rtso n as V ice-P re sid e n ts. K e ith S te w a rtso n w as a m o st active V ic e -P re sid e n t; he played a m ajo r role in th o se p rocesses w h ic h led to th e I.M .A . co m in g form ally in to ex isten ce fro m A pril 1964, an d for a c o n sid e rab le tim e th e re a fte r c o n tin u e d to m ake key c o n trib u tio n s to th e d e v e lo p m e n t of its policies and of its p ro g ra m m e of w ork in m a th e m a tic s and its ap p licatio n s.
The Stewartson School at University College London
T h e im p e n d in g re tire m e n t in 1964 of W . R. D ean , a fter tw elve years as G o ld sm id P ro fe sso r of A p p lied M a th e m a tic s at U n iv e rsity C ollege L o n d o n , stim u la te d U .C .L . to a m o st extensive survey of th e field of p ossible successors. T h is led to an e n th u sia stic and u n a n im o u sly s u p p o rte d offer of th e G o ld sm id C h a ir b ein g m ad e to K e ith S tew artso n . T o the im m en se and p ro lo n g e d b en efit of U .C .L ., S te w a rtso n accep ted this offer and im m ed iately began to b u ild up one o f th e w o rld 's stro n g e st schools of th eo retical fluid m echanics. H e was elected F .R .S . in the follow ing year.
F ro m th e o u tse t K e ith S te w a rtso n g reatly enjoyed the a tm o sp h e re of U n iv e rsity C ollege L o n d o n , w here he and A m b ro se R ogers (P rofessor C. A. R ogers, F .R . S .) sh ared the a d m in istra tio n of the M a th e m atic s D e p a rtm e n t. T h e ap p lied side of th e D e p a rtm e n t in clu d ed o u tsta n d in g m ath e m a tic ia n s such as D . H . M ichael, E. A. P ow er, S. N . B row n, L . M . H ock in g and M . E. O 'N eill; and over th e years P ro fesso r S tew artso n was to b u ild up th e co m b in e d g ro u p of staff, p o std o c to ra l w orkers and g ra d u a te s tu d e n ts in a m ost im pressive w ay, especially in m ajo r areas of th eo retical fluid m echanics. F u rth e rm o re , his relatio n sh ip w ith stu d e n ts was o u tsta n d in g ly good, a source of p leasu re to K e ith him self and of great in sp ira tio n to th em .
In th e m ean tim e, Jean and K e ith had m ade a b eau tifu l hom e in the G o ld e rs G re e n area of N o rth L o n d o n ; a hom e w here J e a n 's very special gifts as a hostess cam e still m ore into th e ir ow n and w ere m ost w arm ly a p p re c ia te d by academ ic visitors, staff and stu d e n ts. L ife in L o n d o n su ited th e w hole fam ily, and K e ith and Jean m ade full use of the c ity 's g reat o p p o rtu n itie s in th e area of th e a tre and also in a n o th e r sp h e re m u ch loved by K e ith -th e opera.
K e ith S te w a rtso n had alw ays ack n o w led g ed th e special d e b t he ow ed to the in sp irin g w ritin g s of S yd n ey G o ld ste in , F .R . S . In 1973 he a tte n d e d the g reat c e le b ra to ry S y m p o siu m in h o n o u r of S y d n ey s 70th b irth d a y held at th e T e c h n io n in H aifa, and played a m ajo r role in th e p ro ce e d in g s alongside S yd n ey him self. It w as th e second of th re e visits by S te w a rtso n to Israel. H e h ad also p aid tw o visits to A u stralia; one to B risb an e and one to M e lb o u rn e . In cre a sin g ly , how ever, he c o n c e n tra te d alm ost all of his overseas v isitin g u p o n th e U n ite d S tates, w h ere he enjoyed c o lla b o ra tin g w ith large n u m b e rs of o u tsta n d in g research w o rk ers in th eo retical fluid dy n am ics. O hio S tate U n iv e rsity in C o lu m b u s w as an o ften fav o u red location for su m m e r visits. M u c h later, he began a p a rtic u la rly fru itfu l c o lla b o ra tio n w ith th e D o u g las A ircra ft C o m p a n y (see p a rt II). O n his w ay to th e W est C oast for th is p u rp o se he fre q u e n tly sto p p e d off at C o rn ell U n iv e rsity . K e ith saw all th ese visits as play in g a m o st im p o rta n t role in e n su rin g a m assive c o n tin u in g su p p ly of excellent p ro b le m s in th eo re tic al fluid m ech an ics th a t cried o u t for so lu tio n by h im se lf a n d /o r o th e r m e m b e rs of his research school.
M o st u n fo rtu n a te ly , th e tre m e n d o u s en ergy an d d e te rm in a tio n w hich he e x h ib ite d at all tim es had b e g u n to exact a heavy toll on K e ith 's c o n stitu tio n and in 1974 he suffered a h e a rt attack. T h is was a grievous blow for th e fam ily. H ow ever, th e c o n sta n t s u p p o rt given by J e a n 's loving care allow ed h im g rad u ally to b u ild u p his s tre n g th again. I t was necessary as far as possible to h old K e ith back fro m all of those e x trem ely en erg etic activities to w a rd s w h ich he alw ays felt so stro n g ly draw n . Jean was su p e rb ly effective in reg u la tin g his e x p e n d itu re of effort in this way. T h e staff of th e M a th e m atic s D e p a rtm e n t w ere also very h elp fu l in re stric tin g th e d e m a n d s on K e ith 's energies. Y et he c o n tin u e d to give his fine research school th e m o st m arv ello u s in sp ira tio n and in tellectu al lead ersh ip in all of th e ir w ork.
By 1979 K e ith S te w a rtso n 's h ealth had b een g reatly resto re d . T h e fam ily m oved again, into an ex trem ely a ttrac tiv e h ouse in H a m p ste a d G a rd e n S u b u rb . T h e y c o n tin u e d to p u rsu e th e ir very w id esp read in terests; fam ily b rid g e (of a n o t too serious n ature!) offered m u ch pleasu re fro m tim e to tim e. T h ro u g h all his v icissitu d es K e ith 's w o n d e r ful sense of h u m o u r had rem ain ed a source of special d elig h t to his fam ily and all his frien d s. In creasin g ly , the p ow erful lead ersh ip he was giving in th eo retical fluid m echanics becam e form ally recognized in m an y ways; and, in p a rticu la r, by the aw ard in 1979 of th e H o n o ra ry D .S c. of the U n iv e rsity of E ast A nglia.
G ra d u a lly , how ever, the p ressu re of w ork in his fre q u e n t visits to th e U .S .A . w as b u ilt up again to d an g ero u s levels. D isa stro u sly for the S te w a rtso n fam ily, and in d eed for th e w hole w orld of applied m a th e m a tics, an especially intensive W est C oast to u r in the sp rin g of 1983 b ro u g h t on a n o th e r severe h e a rt attack. S te w a rtso n was flow n hom e and im m ed ia te ly a d m itte d to U n iv e rsity C ollege H o sp ita l b u t he d ied a few days later, on 7 M ay.
T h is p re m a tu re d e a th , at th e age of 57, of one o f th e c e n tu r y 's g rea test e x p o n e n ts of th e ap p lic atio n of a d v an ced m ath e m a tic a l m e th o d s in fluid m ec h a n ic s p ro d u c e d w o rld w id e g rie f and d ism ay, and a p p lie d m a th e m a tician s e v e ry w h ere jo in e d w ith th e fam ily in m o u rn in g K e ith S te w a rtso n as a w a rm ly loved, as w ell as an in te n se ly a d m ire d an d resp ected , figure. U n iv e rs ity C ollege L o n d o n im m ed ia te ly set up a S te w a rtso n M em o rial F u n d , w h ic h a ttra c te d g e n e ro u s d o n a tio n s from far and w ide. T h e first S te w a rtso n M e m o ria l M e e tin g w as held on 18 M ay 1984. It was a d d re sse d by Jam es L ig h th ill, a fte r w h ich th e in au g u ra l S te w a rtso n M e m o ria l L e c tu re was given by F ra n k S m ith (P ro fe sso r F. T . S m ith , F .R . S .) w ho later, in O c to b e r 1984, was to take up a p p o in tm e n t as K e ith 's successor in th e G o ld sm id C h a ir o f A p p lied M a th e m atic s. F o r th is lec tu re F ra n k S m ith chose th e sam e title, 'D 'A le m b e rt's P a ra d o x ', th a t K e ith h ad u sed fo r his fine von N e u m a n n L e c tu re in th e U n ite d S tates (see p a rt II). Jean was in th e place of h o n o u r, alongside a huge assem blage o f K e ith 's a d m irers, at an occasion th a t c o m b in e d the u n iv ersal ex p ressio n of g rie f at his loss w ith a reco g n itio n of th e e x tra o rd in a ry w id th and d e p th o f his ap p lied m ath e m a tic a l c o n trib u tio n s.
I I. S c i e n t i f i c i n n o v a t i o n s a n d d i s c o v e r i e s

General introduction
T h e th e o ry of b o u n d a ry layers, w h ich had been in itia ted by L u d w ig P ra n d tl in his g reat 1904 p ap er, had d u rin g th e n e x t fo u r decades deeply influenced e n g in eerin g d e v e lo p m en t th ro u g h the insig h ts it gave into how to achieve low aero d y n am ic d rag by avoiding the sep aratio n of flows from solid surfaces. D u rin g th e sam e p erio d th ere was also a m ajor m a th e m atical d e v e lo p m en t of the th eo ry for those 'la m in a r' (n o n -tu rb u le n t) b o u n d a ry layers w hich, in fact, are th e m o st p ro n e to separation. S te w a rts o n 's P h .D . su p erv iso r, L eslie H o w a rth , was am ong those w ho had p u t the p rin cip al c o n so lid atin g to u ch es on th is m ath em atical d ev el o p m en t, co nfirm ing (H o w a rth 1938) th a t, for a b o u n d a ry layer w ith given ex tern al flow, a full nu m erical solu tio n of P r a n d tl's b o u n d a ry -lay e r e q u atio n s was indeed able to d e te rm in e the p o in t of separation. In p a rticu la r, H o w a rth 's fam ous 'u n ifo rm ly re ta rd e d ' external flow sep a rates from the surface w hen its velocity has fallen by 12% below its m ax im u m value.
D u rin g the second 4 0-year p e rio d after P ra n d tl's in tro d u c tio n of his b o u n d a ry -la y e r th eo ry , the single perso n w ho c o n trib u te d the m ost im p o rta n t new d ev elo p m en ts of th a t th eo ry by his b rillia n t innovations and discoveries was H o w a rth 's pu p il K eith S tew artson. T h e w ork in clu d e d m an y advances w ith in th e scope of b o u n d a ry -la y e r th eo ry p ro p er: ex ten sio n s of th a t th e o ry to su p e rso n ic (and o th e r h ig h -sp e e d ) flow regim es, to u n ste a d y m o tio n s and to in tric a te th re e -d im e n sio n a l g eo m etries, in a d d itio n to p ro fo u n d stu d ie s of th e n a tu re o f so lu tio n s to th e b o u n d a ry -la y e r e q u a tio n s as se p ara tio n is a p p ro a c h e d .
Y et of all S te w a rts o n 's in n o v atio n s, p e rh a p s th e g reatest w ere those th a t took th e idea of a m u ltip le -sc a le analysis of th e effects of viscosity on fluid flows far b ey o n d the confines of b o u n d a ry -la y e r th e o ry p ro p e r. T h u s , th e th ick n ess of th e P ra n d tl b o u n d a ry layer is o f o rd e r v* for fluids of sm all k in em a tic viscosity v; b u t, in stu d y in g th e d y n am ics of ro ta tin g fluids, S te w a rtso n d e m o n stra te d the existence of im p o rta n t fluid layers, w h ich in d eed m ig h t or m ig h t n o t be a d jacen t to any solid b o u n d a ry , ex h ib itin g th ick n esses of o rd e r v4 o r v* or o th e r po w ers of v; a n d a p arallel d iv ersity was fo u n d in his stu d ie s of m ag n e to h y d ro d y n a m ic s. F in ally , S te w a rts o n 's w ork on m u ltip le scaling c u lm in a te d in his d e v e lo p m en t and p o p u la riz a tio n of th e 'trip le d e c k ' c o n cep t, in c o rp o ra tin g analysis on a still smaller scale w ith in an in n e r p o rtio n of th e P ra n d tl b o u n d a ry layer; a c o n cep t w h ich p ro v ed rem ark ab ly illu m in a tin g for b o u n d a ry layers n ear tra ilin g edges and co rn ers, for shock-w ave-b o u n d a ry -la y e r in te rac tio n s, for layers w ith 'in je c tio n ' of fluid fro m th e b o u n d a ry , and above all for th e general stu d y of flow sep aratio n .
In th e m ea n tim e , all of S te w a rts o n 's w ork on lam in a r flows had in creasingly been acco m p an ied by p ro fo u n d analysis of th e m odes of in sta b ility of such flows. Several areas of b o th e n g in e e rin g and geophysics w ere in fluenced greatly by th e p e n e tra tin g q u a lity of these analyses.
Early work on high-speed boundary layers
In 1949 S te w a rtso n 's first p u b lish e d p a p e r (1)* h ad m ade an im p o rt ant c o n trib u tio n to the p ro b le m of e x te n d in g b o u n d a ry -la y e r th eo ry to flows of a fluid at such h igh speeds (in c lu d in g su p erso n ic speeds) th a t its c o m p re ssib ility m u st be im p o rta n t. A bove all, he in tro d u c e d an im p o rt ant tra n sfo rm a tio n , sim u lta n e o u sly discovered by C. R. Illin g w o rth (1949) and now called th e Illin g w o rth -S te w a rts o n tra n sfo rm a tio n , w h ich for a w ide class of c o m p ressib le-flu id b o u n d a ry layers co n v erts th e e q u a tio n s into the already well stu d ie d b o u n d a ry -la y e r e q u atio n s for an in co m p ressib le fluid. T h is tra n sfo rm a tio n re p re se n te d a m ajo r e n h a n c e m en t of the already existing H o w a rth -D o ro d n its y n tra n sfo rm atio n ; in p a rticu la r, it allow ed an in v estig atio n of c o n d itio n s for sep aratio n of a h ig h -sp e e d flow. T h e se show ed, for exam ple, th a t a u n ifo rm ly re ta rd e d ex tern al flow at M ach n u m b e r M = 2 w ould in su latin g solid surface w hen the ex tern al velocity h ad fallen by 9 % , rath e r th an by 12% as H o w a rth h ad fo u n d for M = 0.
L a te r on S te w a rtso n was to b eco m e a n o tab le e x p e rt on a q u ite d ifferen t ty p e of rela tio n b e tw e en b o u n d a ry layers a n d su p e rso n ic ex te rn al flows: th e 'in te ra c tiv e ' ty p e of rela tio n w h ere th e ex te rn al flow b o th in fluences th e b o u n d a ry layer a n d is in flu en ced by it. H e first p ro b e d th is ty p e o f rela tio n in tw o 1955 p a p e rs on hypersonic flow a ro u n d a flat p late (14, 16) . H e h ad p rev io u sly becom e a c q u a in te d w ith th e basic p rin c ip le s g o v e rn in g th e su p e rso n ic flows in regions o u tsid e b o u n d a ry layers, th ro u g h som e a c co m p lish e d lin e a r-th e o ry stu d ies (2, 3, 6). H y p e rso n ic a e ro d y n am ics, h ow ever, involved th e a d d itio n a l difficulties of in h e re n t n o n lin e a rity and of th e v ariable e n tro p y ju m p across th e c u rv e d bow shock w ave. S te w a rtso n felt his w ay into th ese p ro b le m s, and into th e in te ra c tio n b e tw e en th e ex tern al flow a n d the b o u n d a ry layer, by first tack lin g th e p ro b le m of an infinite flat p late set im p u lsiv ely into m o tio n at very large M a ch n u m b e r, befo re m o v in g on to the steady flow a ro u n d a se m i-in fin ite plate. M u c h later, in 1964, th e ideas w ere e x ten d ed (46) to h y p e rso n ic flow a ro u n d cones.
In th e m ea n tim e , it was b e c o m in g reco g n ized th a t m an y b o u n d a rylayer p ro b le m s at q u ite m o d era te su p e rso n ic M a ch n u m b e rs w ere also in te rac tiv e in c h a ra c te r. S te w a rtso n h ad in v estig ated in 1951 how a b o u n d a ry layer w o u ld react to a given su p e rso n ic ex tern al flow involving a d isc o n tin u o u s ju m p in p ressu re, as at a shock w ave (5), and, in p a rtic u la r, h ad fo u n d th e co n d itio n for such a b o u n d a ry layer to sep a rate. L a te r, how ever, he was to c o n c u r w ith Jam es L ig h th ill's analysis (L ig h th ill 1953) of the ex p e rim e n tal evidence from th e sta n d p o in t of an in te rac tiv e th e o ry in w h ich th e extensive upstream influence of th e shock 
Unsteady boundary layers
T h e im p o rta n t book by S te w a rtso n ju s t referred to in clu d ed a w hole c h a p te r on b o u n d a ry layers in u n ste a d y flow of com pressible fluids, in clu d in g those m en tio n e d earlier th a t w ould b e g en erated by im pulsive m o tio n s of infinite flat plates. T h is c h a p te r co m p le m e n ted a slightly earlier stu d y (32) of a w ide range of u n stead y b o u n d a ry -lay e r p ro b lem s w hich, w hile confined to m o tio n s of incompressible fluids, involve in m any o th e r respects som e even m ore difficult co nsiderations; and th a t stu d y is a n o th e r co m p reh en siv e and, indeed, very im pressive survey. F u r th e r m ore, the m o st rem ark ab le piece of analysis in clu d ed w ith in it goes back to an ex trem ely early S tew artso n p ap er of 1951, w hich is still w idely q u o ted .
T his-p a p e r (4) is co n c ern e d w ith th e im p u lsiv e m o tio n , w ith in a viscous in co m p ressib le fluid, n o t of an infinite flat plate su ch as h ad been stu d ie d classically by L o rd R ayleigh, b u t of a se m i-in fin ite plate y -0, x > 0 m o v in g w ith velocity U in th e n egative x -d ire c tio n . T h e so lu tio n of th e b o u n d a ry -la y e r e q u a tio n s at a tim e t afte r th e m o tio n h ad been im p u lsiv ely sta rte d w as, as m ig h t have b een ex p ected , fo u n d to assum e R a y le ig h 's classical fo rm for large x and to be close in c h a ra c te r to a n o th e r classical fo rm (th e B lasius steady-flow b o u n d a ry layer) for sm all x.
H o w ev er, th e tra n s itio n b e tw e en th ese fo rm s, w h ic h takes place n ear x = JJt, w as show n by S te w a rtso n to e x h ib it a sin g u la rity of very su b tle ty p e, p ro b e d w ith g reat v irtu o sity in th e 1951 p a p e r. T hen, 22 years later, K e ith S te w a rtso n in th e sam e jo u rn a l p u b lis h e d p a rt II of th a t p a p e r!-and, th ro u g h th e m ajo r e x ten sio n of its analysis w h ich he h ad th e n p ro d u c e d (106), th re w still clearer lig h t on th e n a tu re of th is rem a rk a b le sin g u la rity .
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The analytic character of solutions to the boundary-layer equations near separation
S om e 17 years of stru g g le by K e ith S te w a rtso n w ith m an y th o rn y q u e stio n s of th e c h a ra c te r of b o u n d a ry layers n e a r th e p o in t of sep aratio n p rec e d e d the g ra n d e lu c id atio n of th ese m a tte rs p re se n te d by h im a n d his colleagues u sin g trip le decks. T h e stru g g le d e riv e d its first in sp ira tio n from a fine p a p e r by S y d n ey G o ld ste in (1948), as S te w a rtso n in d ic a te d five years later in his ow n earliest c o n trib u tio n to th e su b je c t (ll) and was to celeb rate fu rth e r in th e special 1970 vo lu m e m ark in g S ydney G o ld s te in 's re tire m e n t (85).
T h e G o ld ste in p a p e r had given a po w erfu l analysis in d ic a tin g th a t th e so lu tio n to th e b o u n d a ry -la y e r e q u a tio n s m u st, in general, ex h ib it a c e rtain singularity at th e p o in t of sep aratio n . T h e ty p e of sin g u larity identified by G o ld ste in req u ires, in p a rtic u la r, th a t th e b o u n d a ry fric tional stress sh o u ld te n d to zero as th e square root of th e distan ce fro m the sep aratio n p o in t. L arg e n u m b e rs of n u m erica l so lu tio n s of th e b o u n d a rylayer e q u a tio n s have, in d eed , b een fo u n d to possess th e G o ld ste in sin g u la rity at sep aratio n (alth o u g h th ere is, to be sure, one ra th e r 'im p ro b a b le ' c o n d itio n u n d e r w h ich the sin g u la rity w o u ld be ab sen t).
T h e fu n d a m e n ta l q u e stio n to w h ich K e ith S te w a rtso n was to devote such e x te n d e d a tte n tio n was th e q u e stio n of w h e th e r th e so lu tio n s of the b o u n d a ry -la y e r e q u atio n s co u ld be c o n tin u e d b ey o n d th e sin g u larity . H is final negative answ er, w hich he was to in te rp re t as a m a tte r of m ajo r significance for fluid dynam ics, could have b een arriv ed at only as a resu lt of th e p ro lo n g ed inv estig atio n of possible c o n tin u a tio n s w h ich began w ith his 1953 p a p e r (11). H ere he analysed th e po ssib ility of a re in te rp re tatio n of the G o ld ste in sin g u larity as one th a t w ould p e rm it c o n tin u a tio n of a so lu tio n of th e e q u a tio n s th ro u g h it, as a b o u n d a ry layer a tta ch e d n o t to th e w all b u t to a 'fre e ' stre a m lin e .
A year late r, in w ork (13) c a rrie d o u t d u rin g a visit to C altech , he d iscu ssed th e relevance to su ch a q u e stio n of th e in trig u in g fact th a t self sim ila r so lu tio n s of th e b o u n d a ry -la y e r e q u a tio n s do exist w ith re ta rd e d ex te rn al flow (w h ich , ho w ev er, th e y a p p ro a c h n o t e x p o n e n tially b u t 'a lg e b ra ic a lly ') and w ith negative fric tio n al stress at th e b o u n d a ry . T h e y w ere rela te d , in an a p p e n d ix , to th e p o ssib ility of p o st-se p a ra tio n so lu tio n s of th e b o u n d a ry -la y e r e q u a tio n s th a t w ould in c o rp o ra te a reg io n of rev ersed flow.
By 1958 he h ad p e n e tra te d d e e p e r in to th e n a tu re of the sin g u la rity in so lu tio n s of th e b o u n d a ry -la y e r e q u a tio n s and show ed (26) th a t h ig h ero rd e r te rm s th a n th o se th a t G o ld ste in h ad c alcu lated have a still m ore c o m p lic a ted s tru c tu re , in c lu d in g lo g arith m ic factors. T h is m ade the sin g u la rity an even m o re fo rm id a b le o bstacle to analytic c o n tin u a tio n .
H e re w e m ay rem a rk th a t, in th e 1960s, K e ith S te w a rtso n b egan to a d o p t a m o dified a p p ro a c h to research , in v olving m an y highly fru itfu l co lla b o ra tio n s w ith d ifferen t colleagues. A m o n g these, th e m o st fru itfu l of all w as his su p e rb c o lla b o ra tio n w ith S u san B row n, a research stu d e n t at D u rh a m w ho later becam e a colleague at U .C .L ., and w ith w hom he p u rsu e d jo in t research es m o st h a rm o n io u sly and effectively for th e last tw o decades o f his life.
T h e ir first jo in t p a p e r (53), ap p e arin g in 1965, a d d re sse d the in te r estin g q u e stio n of w h e th e r th o se self-sim ilar so lu tio n s of th e b o u n d a rylayer e q u a tio n s, m e n tio n e d above as a p p ro a c h in g the ex ternal-flow lim it 'alg e b raic a lly ', w ere th e re b y ru le d o u t as realistic solutions. B row n and S te w a rtso n show ed clearly th a t th is was n o t th e case in a d e m o n stra tio n th a t th ey w ere valid lim its of n o n -se lf-sim ila r so lu tio n s w ith exponential decay.
N e v e rth e le ss, by 1969 th e o riginal q u e stio n on sep aratio n had been answ ered firm ly in th e negative by B row n and S tew artso n in th e ir im p o rta n t review p a p e r, 'L a m in a r s e p a ra tio n ', a p p e arin g (74) in th e first vo lu m e of A nnual Review of Fluid Mechanics. T h e G o ld ste in sin g u larity was 'n o t re m o v a b le ' (as the S te w a rtso n c o n trib u tio n (85) to the 1970 G o ld ste in volum e was to p u t it), and th e im p o ssib ility of c o n tin u in g the so lu tio n of th e b o u n d a ry -la y e r e q u atio n s bey o n d the p o in t of sep aratio n , S, was recognized as of m ajo r significance:
'T h e m ain p ro b le m we have to face if we believe th a t the b o u n d a ry layer is in tim ately associated w ith separation, is how its thickness can change a b ru p tly from 0 (R~^) u p stre a m of S to 0 (1 ) d o w n stream , especially as the R eynolds n u m b e r R can be scaled ou t of the b o u n d a ry -la y e r eq u atio n s. T h e only way in w hich this can h ap p en is by break d o w n of the solu tio n of the b o u n d a ry -la y e r eq u atio n s, for oth erw ise the b o u n d a ry layer w ould have a finite thickness in the scaled variables u p stre a m or d o w n stream of S .' T h u s , se p ara tio n s 'in g e n e ra l' w o u ld n eed tre a tm e n t by th e new trip le deck m e th o d s (see below ) th a t S te w a rtso n in tro d u c e d in th e sam e year (72).
Triple decks
A lread y in 1968, d u rin g a visit to O hio S tate U n iv e rsity , S te w a rtso n had m ad e a stu d y (69) on th e flow n e a r th e tra ilin g edge of a flat plate of len g th l w h ich h ad d e m o n s tra te d th a t th e P ra n d tl b o u n d a ry -la y e r a p p ro x im a tio n is invalid w ith in a d istan ce 0 ( lR 4) of th e tra ilin g edge.
N e x t year, in jo in t w ork w ith N o rm a n R iley (77), he stu d ie d sy m m etrical flow in th e n e ig h b o u rh o o d of w e d g e -sh a p e d tra ilin g edges and already analysed it in te rm s of th re e 'd e c k s'; th a t is, th re e regions scaled by d ifferen t pow ers of th e R eynolds n u m b e r R in th e lim it as R -* oo. T h is w as th e p a p e r th a t in d icated an in te re stin g absence of se p ara tio n for w edge angles o(R~T). T h e m o re difficult p ro b le m of tra ilin g -e d g e b e h a v io u r in th e asym metric flow a ro u n d aerofoils was c o n sid e red in 1970 by B row n & S te w a rtso n (81), again using trip le -d e c k th eo ry . T h is show ed th a t th e flow satisfying th e K u tta c o n d itio n w o uld, if th e b o u n d a ry layer rem a in e d lam in ar, ex h ib it a stall-like b e h a v io u r at th e tra ilin g edge at an angle of incidence 0 ( R re).
. T rip le -d e c k th eo ry had b een set o u t in general by S te w a rtso n (72) in 1969 and in d e p e n d e n tly in th e U . S .A . by M e ssite r (1970), w hile sim ilar ideas w ere b ein g d eveloped in th e U .S .S .R ., especially by N e ila n d (1969). S te w a rtso n was p a rtic u la rly qu ick to exploit th e th e o ry for u n d e rs ta n d in g shock-w ave-b o u n d a ry -la y e r in te rac tio n .
A lready in 1969, in d eed , in c o llab o ratio n w ith P. G . W illiam s, S te w a rtso n had m ade a m ajo r ap p licatio n of trip le -d e c k th eo ry to th is to p ic (78), achieving ra th e r good ag re e m e n t w ith ex p e rim e n t. T h e 'o p p o s ite ' p ro b le m was tre a te d in the su b se q u e n t year; th a t is, the in te rac tio n of a b o u n d a ry layer w ith th e P ra n d tl-M e y e r ex p an sio n g e n erated in su p erso n ic flow a ro u n d a convex c o rn e r (80). Also in 1970 and th e follow ing year (84, 88) It was in 1973 th a t th e w o rld of fluid dynam ics saw the first fru its of S te w a rtso n 's im p o rta n t c o llab o ratio n w ith F ra n k S m ith , w ho, ten years later, was to be selected fro m a very w ide field by U .C .L . to fill th e G o ld sm id C h a ir of A p p lied M a th e m atic s, w hich K e ith S te w a rts o n 's u n tim ely death had vacated. T h e y initially w orked to g e th e r on tw o m ajor p apers (102, 103) on b o u n d a ry layers as influenced by in jection of fluid from the b o u n d a ry .
E ig h t years earlier a S te w a rtso n p a p e r w ith D . C ath erall and P. G . W illiam s (50) h ad identified an u n u su a l sin g u larity o c c u rrin g w hen u n ifo rm injection from the wall was used to cause a b o u n d a ry layer to se p ara te . T h e p a p e rs w ith F . T . S m ith gave a full analysis o f th e velocity field by trip le -d e c k th e o ry , b o th in su ch a case o f 'plate in je c tio n ' and in th e case o f in je c tio n o f fluid in to th e b o u n d a ry layer th ro u g h a n a rro w slot. S ince th e n F ra n k S m ith has b eco m e one of th e fo re m o st e x p o n e n ts of trip le -d e c k th eo ry , especially in its a p p lic atio n to se p ara te d flows in general. In 1 981-82 tw o excellen t b ro a d review s of th e su b je c t ap p eared , one of th ese b e in g by F ra n k S m ith h im se lf (S m ith 1982) w hile the o th e r was K e ith S te w a rts o n 's b rillia n t von N e u m a n n L e c tu re to the S ociety of 
Rotating fluids
In th e m ean tim e, som e q u ite differen t special kin d s of co m p lex ity , also re q u irin g new ty pes of b o u n d a ry -la y e r analysis, h ad been identified by K e ith S te w a rtso n in o th e r areas of fluid dy n am ics in clu d in g , first of all, th e d y n am ics of ro ta tin g fluids. H e h ad already m ade th e co m p lex ity very e v id e n t in his p io n ee rin g p a p e r in 1952 (7) on th e m o tio n of a solid sp h ere of rad iu s a at velocity U along th e axis of a flu id 's ro ta tio n at an g u lar velocity Q. T h is was a p ow erful stu d y leading to a con firm atio n of G . I.
T a y lo r 's co n clu sio n th a t a w hole cy lin d e r o f fluid, th e 'T a y lo r c o lu m n ', w hose axis is th e axis of ro ta tio n and w hose rad iu s is a, m oves 'as if rig id ly ' at the velocity U of th e sp h ere for sm all en o u g h U (e x p e rim e n t ally, w h e n U <O A6aO ). A bove all, th a t p a p e r drew a tte n tio n to the so lu tio n 's sin g u lar b e h a v io u r ex h ib ite d (if viscosity w ere neglected) near the b o u n d a ry of this cy lin d er. T h e p a p e r was closely follow ed by several o th ers a rriv in g at sim ilar co n clu sio n s in the presence of a d iv ersity of b o u n d a ry co n d itio n s for sp h e re s (9, 28) and ellipsoids (8, 12).
S om e of the q u e stio n s of how viscosity acts to resolve the type of sin g u lar b e h a v io u r ju s t refe rre d to w ere first ad d ressed effectively by S te w a rtso n in a 1957 p a p e r (24). T h is in clu d e d the first appearance of w h at are now called 'S tew artso n lay e rs'. T h e y are th in layers w hose th ick n esses ten d to zero w ith th e k in em atic viscosity v b u t w hich differ from b o u n d a ry layers in tw o im p o rta n t respects. F irs t of all, ra th e r th an b ein g adjacent to any solid b o u n d a ry , they m ay a p p ear in the m id st of the fluid (for exam ple, they m u st separate a c y lin d er of fluid th a t m oves 'as if rig id ly ' from the fluid adjacent to it). S econdly, th e ir thickness varies, not as v* b u t as a different pow er of v. S tew artso n show ed, for exam ple, th at the fluid in 'alm ost rigid ro ta tio n ' lying betw een tw o parallel ro ta tin g discs, in each of w hich an in n er p a rt of rad iu s a is ro tatin g at a slightly e n h an ced an g u lar velocity, ex hibits such a layer w hose thickness is of o rd er v* covering a cy lin d er of radius a; and, in the sam e p ro b lem , he identified a n o th e r layer w ith thickness of o rd er v \ S uch S tew artson layers have since b een d isco v ered in c o u n tle ss o th e r flows of ro ta tin g fluid.
R o ta tin g discs h ad also figured in a n o th e r very p e rc e p tiv e research stu d y (10) p u b lis h e d by S te w a rtso n as early as 1953; th e re , ho w ev er, th e fluid w as c o n ta in ed b e tw e en parallel discs in rig id ro ta tio n at very d ifferen t a n g u la r velocities. I f th ese h ad th e sam e sign, th e n th e m ain b o d y o f fluid (o u tsid e th e b o u n d a ry layers) te n d e d to a d o p t an in te r m ed ia te a n g u la r velocity, su ch th a t th e inflow to th e b o u n d a ry layer on th e faster ro ta tin g disc b alan ced th e outflow fro m th e slow er disc. W h e n , how ever, th e discs ro ta te d in o p p o site senses th e re seem ed to b e tw o th eo re tic ally p ossible m o tio n s: one w ith th e m ain b o d y o f fluid ro ta tin g and one w ith it essentially at rest (except for a slow inflow b a la n c in g th e c e n trifu g a l outflow in th e b o u n d a ry layers). E x p e rim e n ts by D . S. O liv er show ed th a t th e la tte r m o tio n w as really a d o p te d , and S te w a rtso n m ad e an in itial analysis o f th e reasons for th is. M u c h later (1977) , in c o lla b o ra tio n s w ith R. J. B odonyi (133) and finally also w ith C. J. S im p so n (172), he w as to d e m o n stra te how in th e fo rm e r m o tio n th e b o u n d a ry layer co u ld 'b rea k d o w n ' cata stro p h ic a lly in a finite, ra th e r sh o rt tim e so th a t steady m o tio n of th a t fo rm w o u ld be unach iev ab le.
A n en g in e e rin g p ro b le m , co n c ern e d w ith th e p o te n tia l in sta b ility of sp in n in g , p a rtially liq u id -filled p ro jectiles, w as tre a te d ably by K e ith S te w a rtso n in 1959 th ro u g h an excellent m ath e m a tic a l m o d el b ased on a s p in n in g to p (30). T h is d e m o n stra te d th a t in sta b ility o ccurs w h en one of th e p e rio d s of free oscillation of liq u id is sufficiently n e a r to th e p e rio d of n u ta tio n of th e e m p ty top.
T h e later in te re sts of K e ith S te w a rtso n in ro ta tin g fluids w ere to p u rsu e im p o rta n t d ev e lo p m en ts of th e ideas p re s e n t in his earliest p a p e rs on th e su bject. H e w as c o n c ern e d in 1967 w ith th e slow m o tio n of a sp h ere transverse to th e axis of ro ta tio n of a fluid (62), and also w ith a c o m p a riso n w ith e x p e rim e n t, and w as to p u rsu e th is in te re st for m any years; see, for exam ple, his 1979 jo in t p a p e r w ith H . K . C h en g (146) . T h e c h a ra c te ristic s of 'S te w a rtso n lay e rs' of vario u s ty p es in su ch a m o tio n w ere p ro b e d in his 1974 p a p e r w ith J. D . A. W alk er (112) . H e also m ade m ajo r c o n trib u tio n s fro m 1968 o n w ard s to fam ous co n tro v ersies reg a rd in g 'u p stre a m w akes' for th e axial m o tio n of such a sp h e re (67, 81).
In creasin g ly , how ever, he h ad becom e c o n c ern e d w ith m o tio n s in a th in shell of ro ta tin g fluid b etw een tw o c o n c en tric spheres; ev id en tly a m odel of g reat geophysical in te rest. H is 1969 jo in t p a p e r w ith J. A. R ickard (70) d e m o n stra te d w h at th ey called (in a well defined sense) th e 'p a th o lo g ic a l' c h a ra c te r of th e m odes of in ertial oscillations, a p ro b le m w hich K e ith S te w a rtso n w as to p u rsu e fu rth e r in 1971-72 (see (92) in the inviscid case and (99) for m odifications due to viscosity). T h e m odel was m ade even m ore realistic in a 1976 jo in t p a p e r w ith I. C. W alto n (123), th is allow ed for stratificatio n of the fluid b u t c o n tin u e d to d e m o n stra te a sim ila r 'p a th o lo g ic a l' n a tu re o f th e free oscillatio n s (tra p p e d , in th is case, b e tw e en tw o c h a ra c te ristic la titu d e s).
T h e to ta lity o f K e ith S te w a rts o n 's w ork on ro ta tin g fluids led to his a c q u irin g h ig h ly d ev elo p ed skills a n d in sig h t th ro u g h o u t th e field. W h en c o m b in e d w ith som e d eep kno w led g e of m a g n e to h y d ro d y n a m ic s (section 7), th ese m ad e p o ssib le som e m ajo r c o n trib u tio n s to geo m ag n etic th e o ry (sectio n 8).
M agnetohydrodynamics
T h e r e was a n a tu ra l tra n s itio n b e tw e en S te w a rts o n 's early w ork on d y n am ics of ro ta tin g fluids and his first stu d y on m a g n e to h y d ro d y n a m ic s. T h is 1956 p a p e r (17) In th e m ean tim e, K e ith S te w a rts o n 's w ork in th is field, as in m ost o th ers, had led to b o u n d a ry -la y e r stu d ies. In 1959 G eorge C a rrie r and H a rv e y G re e n sp a n h ad stu d ie d th e b o u n d a ry on a th in flat plate parallel to a stre a m of c o n d u c tin g fluid and to a m ag n etic field (C a rrier & G re e n sp a n 1959). In a 1961 p a p e r w ith G . E. H . R e u te r (37) and a 1964 p a p e r w ith D . H . W ilson (45) K e ith S tew artso n d e m o n stra te d th e in trig u in g fact th a t so lu tio n s to th e G re e n sp a n -C a rrie r e q u atio n s are n o n -u n iq u e in c e rtain cases and n o n -e x iste n t in o thers!-w hile guidance was given, in th e fo rm e r cases, to w a rd s id en tify in g w hich solution 'p re s u m a b ly ' occurs.
A related p a p e r, ty p ify in g (p erh ap s) th e 1964 view th a t e v ery th in g k n ow n to be im p o rta n t in h y d ro d y n am ics w ould need extension to m ag n e to h y d ro d y n a m ic s, dealt w ith the K u tta co n d itio n (43). T h is p ap er in d icated th a t the c o n d itio n sh o u ld be ap plied at the trailin g edge at stream velocities below the A lfven velocity, b u t at the leading edge in su p er-A lfv en ic co n d itio n s. O ne of K e ith S te w a rts o n 's p a p e rs on m a g n e to h y d ro d y n a m ic s h ad been d ire c tly c o n c ern e d w ith e x p la in in g e x p e rim e n ta l o b se rv a tio n s. T h is w as the 1957 p a p e r (20), w h ich d e scrib ed a n d in te rp re te d 'a series of b ea u tifu l e x p e rim e n ts ' by B. L e h n e rt (1955) u sin g a shallow d ish o f m e rc u ry , p a rt o f w hose base w as ro ta tin g w hile th e rest w as fixed. I hese w ere e x p e rim e n ts in w h ich , essentially, a th in S te w a rtso n layer was fo u n d to be stab ilized by th e p resen ce of a vertical m ag n e tic field. T heir in te r p re ta tio n re p re s e n te d a b e g in n in g in th e c o m b in e d stu d y of effects of ro ta tio n a n d of m ag n etic fields th a t w as to exercise S te w a rtso n g reatly in his late r w ork on th e liq u id core of th e E a rth .
Biographical Memoirs
The liquid core
D u rin g K e ith S te w a rts o n 's D u rh a m p e rio d he in itia te d a m o st im p o r ta n t co lla b o ra tio n w ith his N ew castle n e ig h b o u r P aul R o b e rts, c o n c ern e d w ith aspects of m o tio n s w ith in th e liq u id core of th e E a rth . T h e ir first jo in t p a p e r re p re se n te d a n a tu ra l d e v e lo p m en t fro m S te w a rtso n s earlier w ork on th e precessin g to p .
T h is 1963 p a p e r (44) analysed a sp h e ro id a l liq u id -filled cavity in a p recessin g rigid b o d y , w ith a p p lic atio n s to u n d e rs ta n d in g th e possible effect of th e lu n i-so la r p recessio n on th e fluid m o tio n s in th e E a r th 's core. U ltim ate ly , th e m o st im p o rta n t fru it of the close co llab o ratio n by P aul R o b e rts and K e ith S te w a rtso n w as c o n ta in ed in th e ir p a p e rs of 1974 and 1975, aim ed d irectly at id en tify in g ty p es of m o tio n in th e liq u id core th a t can c o n trib u te to the 'd y n a m o ' effects resp o n sib le for g en e ra tin g the E a r th 's m ag n etic field (111, 121). T h e y ad d re sse d th is p ro b le m th ro u g h the stu d y of fin ite -am p litu d e b u o y a n c y -d riv e n convective m o tio n s in a ro ta tin g m ag n etic system . A linear th eo ry of th e in stab ilities had been in itia ted by S. I. B raginsky and fu rth e r d eveloped by I. A. E ltayeb (1972) . R o b e rts and S te w a rtso n analysed it in still g rea ter detail a n d th en w en t on to stu d y the n o n lin e a r d e v e lo p m en t of th e d istu rb a n c e s by u sin g m eth o d s deriv ed fro m S te w a rtso n 's collab o ratio n s w ith S tu a rt, H o cking a n d D av ey (see section 10). T h e w ork led to co n clu sio n s on convective m o tio n s o f a 'd o u b le ro ll' ty p e, in w h ich , h ow ever, one of th e rolls could u n d e r c e rta in c irc u m sta n c e s be su p p re sse d . B oth articles c o n c lu d e d w ith p e n e tra tin g acco u n ts o f th e relevance of th ese stu d ie s to th e d e v e lo p m en t of d y n a m o action.
Three-dimensional boundary-layer analyses
T o w a rd s th e end of K e ith S te w a rts o n 's life he becam e increasingly involved in refined analyses of th re e -d im e n sio n a l b o u n d a ry layers. M u c h of th is activ ity ste m m e d fro m his fru itfu l co n su lta n cy c o n tra c t w ith the D o u g las A irc ra ft C o m p a n y and w as c a rrie d o u t in a close and hap p y c o lla b o ra tio n w ith T u n c e r C ebeci and his associates. T h is w ork, h o w ever, h ad b een p rec e d e d by an ea rlie r ex cu rsio n into th e sam e general area w h ich h ad reta in e d a d istin c tly geophysical m o tiv atio n .
In 1971 In p a rtic u la r, the m erid io n a l stream lin e p a tte rn c o m p u te d for j involved a rem ark ab le k ind of w avy se p ara tio n of the flow from th e solid surface, d e scrib ed by th e a u th o rs as a 'la d d e r' co n figuration. B ut it was a m ove in to m ajo r co m p u ta tio n a l exercises on th re ed im en sio n al b o u n d a ry layers w ith o u t ro tatio n al sy m m etry th a t c h a ra c te r ized th e p a p e rs e m erg in g in th e early 1980s from K e ith S te w a rtso n 's co llab o ratio n w ith T u n c e r C ebeci and o th ers. W ith A. K. K h a tta b they gave, in 1980, a p ro fo u n d analysis (155) of th e flow a ro u n d a th in pro late sp h e ro id at an angle of incidence a. T h is c o n clu d ed th at, u n d e r the c o n d itio n a < 4 1°, nose sep aratio n is necessarily absent! T h e sam e au th o rs co n sid ered in m ore detail the p a tte rn of lim itin g stream lines on the body in a 1981 p a p e r (162). T h e y w ere c o n cern ed in p a rtic u la r w ith the region of 'accessible' p o in ts on the surface, defined as p o in ts w here it is possible to c o m p u te th e b o u n d a ry layer fro m a b eg in n in g at the forw ard s ta g n a t ion p o in t. U sin g a w ord 'o k ' w hich, in T u rk is h , m eans 'a rro w ', they defined and d e te rm in e d w hat th ey called the 'ok of accessib ility ' and related it to som e co n troversial p ro b lem s of th re e -d im e n sio n al b o u n d a rylayer sep aratio n .
In a different co llaboration w ith K . C. C hang, the th re e -d im e n sio n al b o u n d a ry layer dev elo p m en t in the e n tra n ce flow into a coiled circular pip e h ad b een analysed by S te w a rtso n a n d C ebeci even m o re th o ro u g h ly th a n by th e m an y a u th o rs w ho h ad p rev io u sly stu d ie d th e p ro b le m (152). T h is in v estig atio n id en tified an in trig u in g a n d im p o rta n t p h e n o m e n o n called 'a b o u n d a ry -la y e r co llisio n ', w h ich arises a fte r th e e n tra n c e flow has d ev elo p ed for a c e rta in finite d istan ce d o w n th e p ipe. T h e y envisaged th e likelihood of a 'j e t ' or 'p lu m e ' of v o rtic ity e m e rg in g fro m th e b o u n d a ry layer w h ere th is collision occurs. L a te r, w ith C. J. S im p so n , K e ith S te w a rtso n in 1982 p u rsu e d th is m a tte r f u rth e r th ro u g h an analysis in to in n e r a n d o u te r regions (166); an d stu d ie d also a d ifferen t p ro b le m in w h ic h a sim ilar ty p e o f b o u n d a ry -la y e r collision was fo u n d to o ccu r (170). T h e s e clear id en tificatio n s of th e special c h a ra c te ristic s of 'c o llisio n ' p rocesses re p re se n te d th e last of K e ith S te w a rts o n 's c o u n tle ss d e v e lo p m e n ts and e n ric h m e n ts of b o u n d a ry -la y e r th eo ry .
Nonlinear instability theory
O u tsid e b o u n d a ry -la y e r th eo ry , th e re w as yet one fu rth e r su b je c t to w h ic h m assive c o n trib u tio n s w ere m ad e by K e ith S te w a rtso n in th e last tw elve years of his life. T h is was th e n o n lin e a r th e o ry o f h y d ro d y n a m ic in sta b ility p h e n o m e n a . I t w as n o t a th e o ry in w h ich S te w a rtso n h ad played a p io n ee rin g role; ra th e r, he e n te re d it th ro u g h a co llab o rativ e stu d y w ith one o f th a t th e o ry 's p rin c ip a l p io n eers, T re v o r S tu a rt. N e v e rth e le ss, th e c o n trib u tio n s m ad e by S te w a rtso n in th e 1970s and early 1980s to w a rd s th e m o re adv an ced later d ev e lo p m en ts in n o n lin e a r in sta b ility th eo ry w ere of m ajo r im p o rta n c e .
In his 1971 jo in t p a p e r w ith J. T . S tu a rt (87) th e n o n lin e a r analysis of in sta b ilities in plane P oiseuille flow was first d ire c te d to w a rd s the d e riv a tio n of an eq u a tio n of th e ty p e in tro d u c e d in 1944 by the g reat R u ssian th eo re tic al p h y sicist L . D . L a n d a u . S om e useful in d icatio n s of how in stab ilities m ay develop are deriv ab le fro m th is e q u a tio n , and especially fro m th e sign of its n o n lin e a r te rm . H o w ev er, the a u th o rs th e n w en t b e y o n d th e L a n d a u fo rm (an eq u a tio n in clu d in g only first-o rd e r d erivatives) to derive an im p o rta n t a d d itio n a l te rm in th e fo rm o f a s e c o n d -o rd e r spatial deriv ativ e, an in se rtio n th a t m akes th e eq u a tio n co n sid e rab ly m ore useful.
In th e follow ing year th e tw o a u th o rs c o llab o rated also w ith L eslie H o ck in g and S u san B row n (93) to exploit th e e q u a tio n an d to a tte m p t to w ork o u t its th re e -d im e n sio n a l analogue. T h is allow ed a b e g in n in g to be m ade in d ev eloping a ratio n al th eo ry of localized 'b u r s ts ' of in stab ility , at R eynolds n u m b e rs b o th slightly above and slightly below the critical value. H o ck in g and S te w a rtso n im m ed iately w en t on (95) to ap p ly th e th eo ry to skew ed d istu rb a n c e s to p lan e Poiseuille flow.
H ow ever, th ey later w o rk ed extensively w ith T o n y D avey and w ere obliged to revise th e th re e -d im e n sio n a l th eo ry . In 1974 all th re e a u th o rs co m b in e d to p rese n t (109) a pair of n o n lin e a r e q u a tio n s c o rre c tin g the p rev io u sly given single e q u a tio n for th re e -d im e n s io n a l b u rsts . N e v e rth e less, th e c o rre c tio n m ad e only a m o d e st chan g e to th e c o n d itio n for a skew ed d istu rb a n c e to e x h ib it th e 'b u r s t ' p h e n o m e n o n . It w o u ld do so if in clin e d to th e u n d is tu rb e d stre a m at angles exceeding, n o t 0.98, b u t 1.00 radian! M u c h later, in 1978, S u san B row n and K e ith S te w a rtso n w ere to apply th e sam e m e th o d s to stu d y th e e v o lu tio n of a sm all d istu rb a n c e to a m arg in ally u n sta b le stratified sh ear flow (142). T h e y c a rrie d th is analysis to a h ig h level of com p lex ity . L a te r still, th ey w ere to p u rsu e a lot fu rth e r th e ir in te re s t in stratified sh ear flows by stu d y in g n o n lin e a r aspects of th e ev o lu tio n of th e so-called critical layers (w here th e fluid velocity is equal to th e ph ase speed of an in te rn a l w ave). In th e I U T A M symposium on lam inar-turbulent transition (157) th ey gave a g eneral review o f th is su b je c t, w h ich th e y soon w ere to develop fu rth e r (159, 168). A lth o u g h lin ear th e o ry suggests th a t w ave en erg y in c id e n t on critical layers is a b so rb e d , B row n and S te w a rtso n e sta b lish e d clearly th a t on n o n lin e a r th e o ry th e re is som e significant reflection (alth o u g h very little tra n s m ission). In 1981 S te w a rtso n p ro d u c e d a yet fu ller review of critical layers (163) .
N e ith e r w as ro ta tio n ex clu d ed fro m th is g eneral area of stu d y . It was w ith P. G . D an iels th a t S te w a rtso n h ad c o llab o rated in 1977 and 1978 to a p p ly n o n lin e a r m e th o d s to th e d e v e lo p m en t of d istu rb a n c e s to ro ta tin g fluid in an a n n u lu s d ifferentially h eated along its base (130, 141). T h is su b tle w ork led to an in trig u in g m odification o f L a n d a u -ty p e e q u a tio n s for th e d e v e lo p m en t of th e a m p litu d e so as to in co rp o rate an integral term .
T h e n , th e very last of all K e ith S te w a rts o n 's p u b lish e d w orks to be co m p o sed (186) c o n stitu te d yet a n o th e r p ro d u c t of his long and sp le n d id ly fru itfu l c o llab o ratio n w ith S u san B row n. It rep re se n te d a full and m ost im p ressiv e stab ility analysis for sw irling Poiseuille flow in a c ircu lar pipe. It is alw ays w ith deep em o tio n th a t one reads the last p a p e r of a great scien tist and th a t e m o tio n is g reatly e n h an ced for one read er at least from th e fact th a t th e w ork ap p ears as an in v ited c o n trib u tio n to the a n n iv ersa ry vo lu m e th a t m ark ed Jam es L ig h th ill's six tieth b irth d a y . T h e g reat en ergy of m in d a p p a re n t in S te w a rtso n 's last p u b lish e d p ap er reinforces those sensations of te rrib le loss felt by all K e ith 's frien d s from th e know ledge th a t so m agnificent an ap plied m ath em atician and such a m arvellously w arm h u m a n b ein g was n ev er to reach his ow n sixtieth b irth d a y .
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